Gas generation within lithium ion batteries (LIBs) gives rise to safety concerns that question their applicability. By employing synchrotron X-ray imaging, the gas and channel evolution occurring in an operating LIB have been directly visualized in their inherent 3D state as a function of discharge and charge. Using the spatial 3D distribution of gas bubbles and channels, the active particles that dictate the performance of a functional LIB were identified and visualized in 3D. Delithiation and lithiation are interpreted as the process of activating particles continuously in a step-bystep way. The present work not only demonstrates the generation and evolution of gas within LIB in 3D, but also reveals the distribution of active particles for the first time. These fundamentally findings presented here shed light on a range of processes that could not previously be characterized in 3D and can provide practical guidance for the
INTRODUCTION
Rechargeable lithium-ion batteries (LIBs) have penetrated profoundly into products such as portable electronic devices, electric vehicles or other large-sized power sources. [1] [2] [3] [4] [5] However, safety concerns still limit the full practical utilization of these batteries. 6 Especially gas evolution is a formidable technological and fundamental challenge 7 since gas generated in hermetically sealed batteries can lead to detrimental effects: on the one hand, gas generation during storage results in a diminished shelf life and eventually a markedly reduced cycle lifetime. 8 On the other hand, gas evolution during cycling leads to electrolyte displacement, 9 which causes a decrease of Li-ion diffusion and/or Li-ion conduction in the electrolyte and ultimately contributes to a tremendous increase of battery resistance. 10 In both cases, the internal pressure build-up may also induce battery bulging, mechanical stress inside the electrodes and even severe gas leakage, 11 all of which are detrimental to longevity and reliability of energy storage battery systems. Therefore, understanding the gas evolution mechanisms are of great importance from a practical point of view.
To date, many experimental investigations have been carried out in extensive detail and, as a result, our knowledge of the gas evolution mechanism has substantially deepened. For instance, it is already known that the gas evolution, which is intimately related with solid electrolyte interphase (SEI) formation in the electrochemical battery, 12 originates from reductive and oxidative electrolyte decomposition reactions due to the fact that the electrochemical potential of both electrode materials is far beyond the thermodynamic stability window of the commonly used organic electrolytes. 13 Actually, significant evolution of gaseous products such as CO 2 , CO, O 2 , H 2 , CH 4 , C 2 H 4 , C 2 H 6 , C 3 H 6 and C 3 H 8 from the decomposition of carbonate solvents and lithium during battery operation has been detected by various characterization techniques. [14] [15] [16] [17] [18] [19] [20] [21] In addition, utilizing isotope analysis, Onuk et al. have unambiguously identified the origin of gases evolving in LIBs. 22 Furthermore, by adopting in situ transmission electron microscopy (TEM) 23 and neutron radiography (NR), 9, 11 the generation of gaseous bubbles channels formed by the gas have recently been visualized. These studies have enhanced our understanding of gas evolution but, unfortunately, the applied radiographic imaging techniques yield two-dimensional (2D) information and do not help us in further comprehending gas evolution kinetics in its inherently three-dimensional (3D) state and in quantitatively analyzing its complex evolution. Moreover, no study of the spatial gas distribution in relation to the electrochemically active particle population 24 in electrodes has been conducted so far, even though it is the active particles that directly determine battery performance and cycle life. 25 Due to the high fluxes generated by synchrotron sources, synchrotron X-ray imaging has evolved into a powerful characterization tool in the field of materials science. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Especially synchrotron X-ray tomography has enabled researchers to obtain unprecedented insights into LIBs from the level of individual particles to the scale of entire electrodes. [37] [38] [39] [40] Most recently, Ebner et al., have directly observed and quantified electrochemical and mechanical degradation in a SnO anode. 41 Using a non-destructive 3D X-ray imagining technique, herein we investigate in 3Ds the gas evolution scenario in a LIB based on a silicon (Si) electrode since Si is considered one of the most promising anode materials for next-generation power sources. [42] [43] This is the first study that also visualizes the distribution of electrochemically active electrode particles with respect to the spatial gas development and interprets delithiation and lithiation as a process of activating particles in a step-by-step way. This work sets a refined example for the 3D gas evolution investigation and the spatially evolved active particle distribution, providing indepth knowledge for the electrode engineers and numerical simulation experts.
EXPERIMENTAL SECTION
Materials. Active silicon particles were received from Elkem AS, Norway. Conductive carbon black, Polyvinylidene fluoride (PVDF) binder, Celgard separator and lithium were purchased from MTI Cor. USA. N-methyl pyrrolidone solvent (NMP) and 1M LiPF 6 in a volume-ratio (1:1) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) were purchased from Sigma Aldrich. The housing of the proof-of-concept beamline battery is made of polyamide-imide (Torlon), from McMaster-Carr.
Materials characterization. Scanning electron microscopy (SEM) images were taken using a Zeiss ultraplus microscope. The particle size distribution of Si particles was measured by laser diffraction using a Malvern Mastersizer 2000 analyzer.
Battery preparation. The electrode is made of electrode slurries with weight ratios of Si:carbon black:binder of 80:10:10 in NMP. The slurry was cast directly onto the head of the bottom screw shown in Figure 1 . To remove the NMP, the cast slurry was dried in an oven at 60 ℃ overnight. Before and after casting, the screw was weighed to determine the mass of the electrode materials. The proof-of-concept battery (shown in Figure 1a ) designed for beamline use was assembled in an argon filled glovebox with humidity and oxygen levels below 0.1 ppm. Metallic lithium was placed onto the head of the top screw in Figure 1a acting as both a counter and reference electrode. A polymer separator soaked with the electrolyte was placed between the lithium electrode and the Si electrode. Current leads are connected to a potentiostat for electrochemical tests.
Electrochemical measurements. Cyclic voltametry (CV) and galvanostatic charge/discharge of the battery were carried out using an IviumStat voltameter. A fresh battery after assembly was measured for CV curves from 0 V to 2.5 V at a scan rate of 1 mV/s. During galvanostatic cycling at the beamline, the assembled battery was measured at 1.75 Ag -1 based on the mass of active silicon. Different discharge and charge current rates will be used to further investigate the correlation between the current rate and the gas releasing and channel formation behavior.
Settings of tomography and radiography. Synchrotron X-ray tomography and radiography were recorded at the BAMline at the storage ring BESSY II of the HelmholtzZentrum Berlin, Germany. The synchrotron beam was monochromatized to 20 KeV using a double multilayer monochromator with an energy resolution of about 1.5 %. The detector system comprised a 60-µm thick CdWO 4 scintillator, a microscopic optic and a pco4000 camera with a 4008×2672 pixel 2 CCD chip that is kept out of the direct beam by using a mirror. For tomography, 2200 projections during a 180° battery rotation each with 4 s exposure time were recorded before/after discharge/charge. The battery was radiographically imaged during discharge and charge with 4 s exposure time. 4 s exposure time was required because of the relative low photon flux provided by the BAMline compared to other imaging stations. It has to be noted that in order to characterize the morphological change of the whole Si based electrode (3.2 mm × 0.4 mm, length × width), we have used an optic and camera combination with a corresponding field of view of 3.3 mm × 2.2 mm. And the resultant voxel resolution is ~0.876 µm. However, -10 er camera system with higher resolution of ~0.438 µm will be used in future investigations.
Data processing. Filtering, binarization and segmentation was performed in ImageJ and Avizo Fire. Data visualization was done using VGStudio MAX and Avizo Fire. Analysis of the particles is conducted by ImageJ. The procedure is presented in Supporting Information.
RESULTS AND DISCUSSION
An electrochemical cell that can fully represent a working battery and at the same time is compatible with synchrotron X-ray imaging is crucial for the characterization of gas evolving during operation. For this purpose, we developed an electrochemical cell that is X-ray transparent so that imaging can be conducted in operando to directly study gas evolution during dis/charge processes, allowing us to correlate the gas evolution with electrochemical activity. Figure 1 displays a photograph and the corresponding schematic illustration of the battery as well as a schematic representation of the synchrotron X-ray tomography setup. After assembly of the battery, cyclic voltametry (CV) was performed to verify the reduction and oxidation characteristics of silicon. Figure 2a shows CV curves of the battery scanned at a rate of 1 mVs -1 in the potential window of 0-2.5 V. The cathodic current increase from 1.4 V to 0.7 V in the CV curves is related to small-scale reduction of electrolyte and/or surface contaminations such as trace water. 45 The small hump around 0.5 V is attributed to a strong reductive decomposition of the electrolyte associated to the release of large amounts of gases, 46 while the peak above 0 V is related to Li alloying with Si. During delithiation, the anodic peak observed slightly above 0.5 V is for de-alloying of Li-Si phase and the broad anodic peak at 1.0 V is related to the oxidation of electrolyte and/or compounds previously reduced during the cathodic process. The results are in good agreement with previously reported Si/carbon composites, 43, 47 thus confirming the electrochemical reactions inside the battery. After this, we conducted X-ray radiography while simultaneously galvanostatically discharging or charging the cell at a rate of 1.75Ag -1 as shown in Figure 2b . The discharge and charge curves are also in good agreement with previous results for Si electrodes. 43 In addition, another battery was galvanostatically discharged/charged at a small current of 0.01Ag -1 for more than 20 h as shown in Supporting Information (SI) Figure S1 , showing typical characteristic features of Si. Thus, the battery design used for tomographic measurements exhibits an authentic electrochemical behavior.
High-resolution synchrotron X-ray tomographic imaging grants us the ability to probe the internal structure and the distribution of elements in the electrode nondestructively. 40 First, the pristine battery without being exposed to any discharge or charge is characterized. The typical procedure of tomographic data acquisition and processing is demonstrated in Figure 3 . Figure 3a shows a projection image of the Li electrode/separator/Si electrode assembly. While the Li electrode and the porous plastic separator appear nearly invisible due to their low X-ray absorption coefficients, the Si electrode is clearly visible. As the battery rotates during tomography, a series of projections are recorded, which are later reconstructed into a three dimensional volume. Figure 3b shows a horizontal slice image through the reconstructed volume, which displays that the Si particles are well mixed with the carbon black. In order to further analyze the Si particles, the grayscale slices were segmented into binary images, yielding Figure 3c , in which the bright regions correspond to higher-absorbing material, the Si particles, whereas the black regions are assigned to less-absorbing material such as carbon black and polymer binder. Segmentation is performed via a combined approach of filtering and thresholding 48 and produces Figure 3d after labeling. In order to validate the X-ray tomography results qualitatively and quantitatively we compare scanning electron microscopy images (SEM) (Figure 3e ) with grayscale slice images as well as the particle size distribution (PSD) measured using laser diffraction with the PSD obtained from the tomographic data (Figure 3f ). The good agreement between the experimentally and numerically obtained results indicates that the segmentation applied accurately captures the electrode material properties. Finally, a full-view 3D representation of the segmented particles is shown in Figure 3g and in the Supporting Movie 1 (SM 1) (More details can be found in the SI.) Gas evolution is directly observed in 3D after each discharge or charge step and the reconstructed gas evolution is straightforwardly correlated to the electrochemical process. During data processing, we can easily separate the gas evolved of the channel from the solid materials due to the near zero absorption of gas. After the first discharge process, we captured the internal morphological change by tomographic imaging. In Figure S2 , different 3D views of the composite of Si electrode and gas or channel are displayed. Figure 4a shows a cropped region after the first discharge, labeled as R0 in Figure 3g , in which Si particles are shown in gray and gas or channel in green. We then charge the battery and obtain the first charged state tomogram. The corresponding 3D renderings are displayed in Figure S2b and SM 2b and the corresponding cropped region is shown in Figure 4b . In the final step, we discharge the battery again and acquire the second discharged state tomogram shown in Figure S2c , SM 2c and Figure 4c . In addition, during the discharge and charge process, we simultaneously capture the gas movement inside the battery in 2D by in situ X-ray radiography. The results are shown in Figure 5 and SM 3. . 3D visualization of gas evolution in a cutout at position R0 in the battery after each discharge or charge process (see Figure 3g) . a) After the first discharge. b) After the first charge. c) After the second discharge. In all pictures, from left to right is from the periphery to the central part of the electrode. The left column shows the Si particles (gray) and the gas or channel (green) in a composite image. In the right column, one half of the particles is rendered transparent to show the gas part. The scale bar is 100 µm long in all the pictures. During cycling, lithium ions will pass through the separator, reduce or oxidize the electrolyte on the surface of the electrode, form a solid electrolyte interface (SEI) layer containing a large amount of generated gas, and finally lithiate or delithiate the electrode 49 . In Figure S2 , Figure 4 , and Figure 5 as well as in the in operando 2D movie SM 3, it is clearly shown that a pronounced gas generation and accumulation takes place within the electrode during the first discharge step, which is consistent with previous experimental results. 15, 50 However, some phenomena were observed that are in contradiction to what had been assumed previously. One is the non-uniform distribution of gas generation sites. During electrolyte reduction/oxidization by active lithium, on the one hand, the reductive/oxidative decomposed products form the SEI layer with organic carbonate outer surface and an inner inorganic salt 45 fully covering the electrode. On the other hand, notable amounts of gas are released. The polymer SEI layer remains on the surfaces of the electrodes and to some extent shapes into the wall of the channels through which the newly generated gas readily migrates out and finally merges with the accumulated gas, which eventually displaces the electrolyte and then takes the form of a skeleton structure within the electrode as clearly shown in Figure S2a and Figure 4a . Actually, because of the higher flow of electrochemically reactive Li ions it is plausible to find larger gas agglomerations close to the separator and wide channels grow into the electrode from the separator, which is consistent with the literature. 18 However, there are also a large number of gas bubbles or channels that are generated in the periphery of the electrode. The reason for this may stem from the high Li ion concentration in the electrolyte, which surrounds the electrode. 51 Another reason may stem from the Si electrode morphology that can modify the distribution of the electric field in the electrode. As shown in Figure 3a and g, the surface of the Si electrode is not flat, with the circumferential edge slightly higher than the center. Actually, it has been simulated that the electric filed has its highest value in the electrolyte at the tip of lithium dendrites. 52 In our case, the non-flat Si electrode morphology may result in an inhomogeneous electric field, with higher intensity in the circumferential edge than the center area. As a result, the lithium ions, driven by the different electric field, will preferentially react with the electrode materials in the periphery region. In the region near the current collector, the development of gas bubbles or channels is also observed, most likely because the Li ions are transported via the contacted particles 53 or by interstitials or vacancies in the SEI. 54 In a series of radiographic images during the first discharge process, see Figure 5a and SM 3a, we can clearly observe the gas movement. Figure  5b and SM 3b along with Figure 5c and SM 3c show the first charge and the second discharge process, respectively. They also clearly reveal unexpected dynamics of gas evolution and channel development during the electrochemical process. Note that radiographic images might give misleading information on the direction of gas movement because of the ignored third dimension. In contrast, the full view of gas evolution in 3D provided by tomography allows us access the three dimensional channel structures.
Another unexpected phenomenon is the continuous production of gas in successive cycles. Contrary to the widespread belief that lithium ions diffuse uniformly from the separator to the current collector and form a lithiation front extending through the entire electrode, 55 the bubbles evolve successively from the circumferential surface into the bulk of the inner electrode and form a branched system of gas bubbles and channels. It follows from the observed gas evolution after delithiation or lithiation -as clearly shown in Figure S2b -c and Figure 4b -c -that lithium ions preferentially enter the electrode in an inwardly radial passage. The direct full-view visualization of the three-dimensional gas evolution presented here suggests diffusion pathways of lithium ions inside the anode material that are non-uniformly distributed.
In fact, recently more and more attentions are being devoted to the investigation of the electrochemically active particles in relation to the overall electrode current and/or the degree of current homogeneity. [24] [25] 56 For example, a discrepancy is observed between electrochemical measurements that represent the overall state of the cell and spectroscopic data that represent a local state. [57] [58] A recent experiment by Delmas et al. showed the coexistence of fully lithiated and fully delithiated individual LiFePO 4 cathode particles by Xray diffraction after full lithiation. 59 Sugar et al. and Brunetti et al. further concluded that at any given time during cycling, only a small fraction of the total ensemble of particles is actively charged or discharged. 57, 60 Li et al. conducted an in-depth characterization and observed that only 5% to 8% of particles are actively intercalating during lithiation, while during delithiation the active population ranges from 8 to 32%. 24 They further confirm that the current is heterogeneously distributed in the electrode, that is to say, only a small number of active particles carries most of the current regardless of the total electrode current. Taking into account that lithiation of Si will not occur until the native silicon oxide is at least partially reduced by Li ions 49 and the gas evolution behavior presented here, we assume that diffusion of Li ions takes place as follows: during lithiation, Li ions that pass though the separator and/or the native Li ions in the native lithium salt electrolyte will first diffuse to the potentially active electrode particles, reduce the electrolyte and/or lithium salts with the obtain of electrons from the electrode and successively reduce the native silicon oxide, thus forming the SEI layer with inorganic inner species and organics outer species, releasing gas, and finally lithiate the active particles of the electrode, leaving non-active local regions intact. 10 Vice versa during delithiation. Using this picture, we can convincingly correlate gas evolution and channel formation with the active or potentially active particles during electrochemical delithiation and lithiation. More specifically, where gas is generated, where the active particles are, where the electrochemical current is concentrated. This finding is fundamental. For the first time, the spatially distributed electrochemically active particles in an operated LIB are directly visualized via the gas evolution.
For a more convenient visualization of the distributed population of active particles and/or potentially active particles, we separated them from the remaining particles. The results are shown in Figure 6b and Table 1 . After each delithiation and lithiation step, the active particle population increases concurrently with the electrochemical process. From above analysis, we interpret delithiation and lithiation as a process of progressively activating potentially active particles. To further quantify the relationship between both gas or channel volume changes and the population of active particles with electrochemical reactions, we calculated the volume fraction of gas or channel volume and the fraction of active particles after each charge and discharge process. Two independent regions -labeled R1 and R2 in Figur 3g -are extracted for quantitative analysis. The evolution of the gas or channel volume in region R1 is presented in Table 1 and in Figure 6a . After the first discharge step, the fraction of gas or channel volume is only 20% compared to 31% after the first charge step. After the second discharge step, the gas or channel volume fraction is ∼39%. Along with these changes of gas or channel volume fraction, the increase of the fraction of active particles is evident in Figure 6b and Table 1 , from 29% in the first discharged state to 46% in the first charged state and 64% in the second discharged state. Both trends imply the aforementioned delithiation/lithiation activation mechanism that progresses in each cycle. The analysis of R2 yields a similar result, increasing confidence in the applicability of the mechanism to the entire electrode.
The experiment conducted here connects the gas bubble or channel evolution with the evolution of effectively or potentially active particles in a functional LIB. This opens new perspectives in optimizing the overall performance of a battery. From the viewpoint of electrode engineering, it is important to find optimal battery operating conditions or to develop new materials with reduced gas formation. There are already some reports of adding electrolyte additives 8, 10 and using new electrolytes 13 to control gas generation and increase Li ion transport rates to enhance the LIBs's reversible performance. It is also crucial to optimize the electrode architecture to significantly increase the population of active particles to sustain the overall galvanostatic current and at the same time to improve the homogeneity of the distribution of active particles to prevent the extent of shocks and fractures induced by high local currents. 24 From the perspective of numerical simulation, it is important to identify the impact of SEI formation with the associated gas release within the electrode on the transport properties of Li ions and cycling performance of LIBs during discharge and charge 12 to further speed up the optimization of electrode structures. Altogether, the three dimensional microscale investigations of gas in the present study contribute to the understanding of the complex discharge and charge processes.
CONCLUSIONS
Novel insights into the spatial distribution and kinetics of gas evolution are unraveled by 3D synchrotron X-ray imaging for the first time. The knowledge obtained here enriches our understanding of the electrochemical activity in a real functional LIB. The gas evolution and channel formation occurring in a functional LIB have been directly visualized in a full-3D view after discharge and charge. Gas channels successively evolve from the surface of the anode material into the bulk of the electrode and form a branched system of gas bubbles and channels. The observed gas evolution points at an activation of individual particles progressing from cycle to cycle. These novel findings presented here also highlight the unique synchrotron X-ray characterization tool for revealing underlying mechanisms of LIBs and shed light on a whole range of processes that could not previously be characterized in 3D. Indeed, our results and the value of information we obtained should speed up the optimization of the architecture and/or material of the current LIBs to design more stable electrodes to further enhance their performance for next-generation demand.
